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first isolated from retinal
horizontal and amacrine cells of
teleost fish. Four other families,
exorhodopsin, parapinopsin, tmt-
opsin and encephalopsin, share
relatively high levels of identity
with the photosensory opsins
(30–40%) but functional data are
lacking. Other opsin families
include RGR-opsin, melanopsin,
and peropsin, a presumed
photoisomerase.
Why look for more
photosensory and
photoisomerase opsins?
Photoreception is not limited to
the rods and cones, but can
occur in cells of the inner retina,
pineal, brain or skin. Action
spectra for these photoresponses
have implicated opsin/vitamin A
based photopigments, but the
photosensory genes and proteins
remain unknown. It is also unclear
how photopigment chromophore
is regenerated in photoreceptors
that lack an retinal pigment
epithelium-like structure. The
assumption has been that there
will be a ‘local’ photoisomerase to
perform this task, but none has
been identified.
What is melanopsin and where
is it expressed? Melanopsin was
first isolated from the photo-
sensitive melanophores of
Xenopus. Orthologues have been
found in most vertebrate classes,
including mammals. All show little
homology to the photosensory
opsins and to each other. In
mammals, melanopsin is
expressed in a subset of
photosensitive retinal ganglion
cells, and in non-mammals, in
photoreceptive structures such as
the pineal and hypothalamus.
Are melanopsins photosensors
or photoisomerases? The
expression of melanopsin in
photoreceptors could indicate
either a photosensory or
photoisomerase function, but
their homology to the known
opsins predicts neither. If the
melanopsins are novel
photosensors then it will be
critical to show that melanopsin
not only binds retinal to form a
photopigment with a sensitivity
maxima predicted by action
spectra, but that the
melanopsin–chromophore
complex can activate a
phototransduction cascade. It is
also possible that the
melanopsins act as both
photosensors and
photoisomerases, and in this
respect resemble the invertebrate
photopigments.
Where can I find out more?
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The evolution of
longevity
Linda Partridge and David Gems
Longevity varies greatly in the
living world. For instance birds are
longer-lived than comparably sized
mammals. Even amongst
mammals, whales are capable of
living two orders of magnitude
longer than shrews, with confirmed
lifespans of 211 years. A species’
lifespan is usually greater in
captivity than in nature, because of
the removal of extrinsic hazards to
survival, but the pattern of species
differences remains the same.
There is an intrinsic limit to
lifespan, and ageing is the process
that sets this limit. Older adults
become less fecund and more
likely to die (Figure 1), and their
prospects of making a genetic
contribution to the next generation
thus decline.
Ageing is the accumulation of
damage to macromolecules,
organelles, cells and tissues. No
genes are known to have evolved
specifically to cause damage and
ageing. Nonetheless, the
characteristically different
lifespans seen among species
indicate that the rate of ageing
does evolve. The evolution of
longevity can be understood only
as a side-effect of the evolution of
something else. Yet numerous
genes have been identified that
accelerate ageing, for example
those involved in insulin/insulin-like
growth factor (IGF) signalling in
invertebrates. Furthermore, their
role in ageing appears to be
widespread among animal species.
How can this be explained?
How does ageing evolve?
In a hypothetical population in
which ageing is absent, death will
still occur, because of extrinsic
hazards from disease, predation
and accidents. Peter Medawar
pointed out that any new mutation
that enters such a population and
that has an effect on fitness at
later ages will encounter a
reduced force of natural selection.
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Figure 1. Vertebrate opsins are known to
act as photosensors, where light induces
a conformation change in the chro-
mophore from the 11-cis-retinal to the
all-trans configuration. This changes the
opsin shape and results in the activation
of a G-protein. Opsins that act as photo-
isomerases use light energy to convert
all-trans-retinal into the 11-cis configura-
tion, and supply photosensory opsins
with chromophore.
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Some of the individuals that carry
the new mutation will die from
extrinsic causes, before the age at
which the effects of the mutation
on fitness are expressed, and the
mutations in these individuals will
hence escape the action of
natural selection.
Ageing can thus in theory
evolve by two routes. Most new
mutations are deleterious. Their
frequency in populations is a
balance between their rate of
arrival by recurrent mutation and
their rate of elimination by natural
selection because of their adverse
effect on survival or fecundity. If
the deleterious effects of a new
mutation are apparent only later in
life, natural selection against it will
be weaker and the equilibrium
frequency of the mutation higher.
Ageing will therefore evolve as the
result of the inability of natural
selection to maintain survival and
fecundity at later ages in the face
of mutation pressure.
George Williams pointed out
that ageing could also evolve as a
result of pleiotropic genetic effects
at different ages. Pleiotropy
occurs when a mutation has more
than one phenotype. Suppose that
a new mutation increases fitness
in the young but accelerates
ageing in adulthood. This mutation
can be incorporated into the
population because natural
selection will act more strongly on
the beneficial effect in the young
than on the later deleterious
acceleration of ageing. Ageing can
thus evolve as a side-effect of
fitness benefits to the young. This
theory known as the pleiotropy or
trade-off theory. It suggests that
the rate of ageing is somehow
causally connected to events
earlier in life, and can be slowed
down by a trade-off with the
fitness of juveniles or young
adults. Both of these theoretical
routes to the evolution of ageing
have been put on a sound footing
in theoretical population genetics,
primarily by the work of Bill
Hamilton and Brian Charlesworth.
Yet empirical testing is required to
know whether either theory is true.
Ageing and extrinsic hazard
Both theories predict that the
intrinsic rate of ageing will evolve
in response to the level of extrinsic
hazard present in the environment.
If hazard levels are high, few
individuals will live to later ages,
and the force of natural selection
removing deleterious mutations
from the population will decline
more rapidly with age than it will in
more benign environments. High
levels of extrinsic hazard will also
mean that selection in favour of
early life fitness will be stronger
and for slow ageing weaker, so
that life history trade-offs will be
reset in favour of earlier
performance.
Broad patterns of variation in
natural longevity are consistent
with the idea that ageing evolves in
response to hazard. Longevity is
related to body size within both
birds and mammals. Although the
mechanisms responsible for this
association are not certain, it
seems likely that they are co-
selected. Large size is predicted to
evolve under conditions of low
hazard, because the benefits to
eventual fecundity are weighted
more heavily relative to the risks of
failing to reach the age of breeding
while growth occurs. Flight may
also be important in reducing
hazard and leading to the evolution
of slow ageing. Birds are long-lived
relative to same-sized mammals
and, interestingly, so are bats
relative to other similar-sized
mammals. In general, better-
protected animals, such as
tortoises and porcupines, are
capable of living longer than
otherwise comparable animals.
One dramatic case of an
association between slow ageing
and release from extrinsic hazard
is seen in the reproductive queen
castes of bees, termites and ants,
which can show a 100-fold or more
increase in lifespan compared to
solitary insects.
Mutation-accumulation or
pleiotropy?
The two theoretical routes to the
evolution of ageing have similar
predictions for the importance of
levels of external hazard, but differ
in their predictions for patterns of
genetic variation. Most tests of the
roles of mutation-accumulation
and trade-offs have been made in
experiments with the fruit fly
Drosophila melanogaster. Tests
have measured the properties of
natural, standing, genetic variation
and have also examined the
effects of the new mutations that
enter fly populations.
If mutation-accumulation is
responsible for ageing, then it
would be expected that inherited
genetic variation — additive
genetic variance — for mortality
and fecundity would increase with
age. Because deleterious
mutations are present in the
population at higher frequency, the
later the age-classes that they
affect, the more likely these
mutations are to be passed on to
offspring. Parents, offspring and
other relatives will therefore
resemble each other more closely
for these later-age traits than they
will for the same traits at earlier
ages. And new, deleterious
mutations that affect only later
age-classes ought to enter the
population at measurable
frequency. Neither of these
predictions of the mutation-
accumulation theory have received
clear experimental support. It
seems that mutations with
deleterious effects specific to late
age classes may be too rare to
cause ageing, an interesting
finding in itself. Perhaps the
strongest evidence against the
importance of mutation-
accumulation in the evolution of
ageing comes from the pattern of
increase in mortality rate with age.
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Figure 1.
Age-specific mortality rate and repro-
ductive lifespan in wild-type nematode
worms (Caenorhabditis elegans, N2 her-
maphrodites at 20oC). To measure repro-
ductive lifespan 5 virgin males were
added to groups of 10 hermaphrodites of
progressively older ages. Hermaphro-
dites were subsequently maintained indi-
vidually, and progeny production
observed. The left-hand blue axis shows
the percentage of hermaphrodites pro-
ducing more than 10 progeny (N = 10 per
test age), while the right-hand, red verti-
cal axis shows the percentage of worms
that entered each age class that died
during it (D. Gems, unpublished).
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The mutation-accumulation theory
predicts that death rates should
increase sharply after the age at
which the force of natural selection
declines to zero in nature, usually
after the last age of reproduction.
In practice, although death rates in
general increase exponentially with
age, there is no sudden increase at
very late ages and, if anything,
death rates tend to decline. Thus,
although the process of mutation-
accumulation is plausible, the
paucity of mutations with
deleterious effects specific to late
age may make it of little
importance in practice.
The trade-off process, in
contrast, has received strong
experimental support. It has also
provided evidence for the evolution
of the rate of ageing in response to
external hazards imposed by an
experimenter. Again, much of the
experimental evidence comes from
work with Drosophila. Measure-
ments of the properties of natural
genetic variation in fly populations
have revealed a genetic correlation
between high early fecundity and
early death. Artificial selection
experiments have also been
conducted, in which lines of flies
are maintained for many
generations by breeding either
from young adults (‘young’
selection lines) or instead from old
adults (‘old’ selection lines).
Relative to the ‘young’ lines, the
‘old’ line flies are selected for slow
ageing, because this will improve
their chances of reaching the late
age at which the progeny for the
next generation are collected.
Therefore, if there is natural
genetic variation for the rate of
ageing in the original population
we expect to see the evolution of
slow ageing in the ‘old’ line flies.
Furthermore, if trade-offs are
important, we expect to find a
decline in some aspect of fitness
earlier in life, for instance in the
pre-adult period or in young adults.
This type of selection experiment,
in which the experimenter imposes
a higher level of hazard to survival
in the ‘young’ than in the ‘old’ lines,
has consistently shown that a
slower rate of ageing evolves in the
‘old’ lines. And slow ageing is
indeed accompanied by a decline
in early fecundity. The association
seems to be a direct one, because
complete abolition of fecundity in
the selection lines, by X-irradiation
or by single gene mutants, also
abolishes the difference in the
subsequent rate of ageing.
Experimental support for the trade-
off process is strong and, in
Drosophila at least, the trade-off
appears to be between high
fecundity and slow subsequent
ageing.
Are there genes for ageing?
Recently, investigators have begun
to study the effects of single gene
mutations on longevity and ageing
using experimental model
organisms, particularly the yeast
Saccharomyces cerevisiae, the
nematode worm Caenorhabditis
elegans, Drosophila and the
mouse. Numerous genes have
been found whose mutation
retards ageing, resulting in
sometimes dramatic increases in
longevity. For instance, mutations
encoding components of an
insulin/IGF signalling (IIS) pathway
can extend lifespan in the worm by
more than 200%. It has recently
been shown that this pathway
accelerates ageing in fruitflies too.
Why does insulin/IGF signalling
shorten lifespan?
According to the evolutionary
theory of ageing, genes will not
evolve for the purpose of
promoting ageing. Moreover, the
mutation-accumulation theory
predicts that mutations in different
genes will cause ageing in different
evolutionary lineages. However, as
discussed, empirical evidence does
not generally support mutation-
accumulation as a mechanism for
the evolution of ageing. By
contrast, the pleiotropy/trade-off
theory could explain the evolution
of the life-shortening function of
insulin/IGF signalling. The solution
is to assume that the effect of the
pathway on ageing is a negative
pleiotropic effect of a fitness
increase at earlier ages. In the case
of fruitflies, this is likely to be
increased fertility, as IIS mutants
are sterile. In nematodes, although
adult fertility is reduced in some IIS
mutants, the trade-off appears
more likely to be with larval
diapause, which is enhanced in IIS
mutants, postponing reproduction.
This suggests that IIS may be
involved in different sorts of trade-
offs with longevity in different
animal groups.
One suggestion is that IIS
modulates trade-offs between
fitness traits, manifested as
phenotypic plasticity in life
history, to maximise overall fitness
in response to a changing
environment. Nutrition has
powerful effects on development,
fertility and longevity: controlled
reduction of food intake reduces
fertility and increases longevity in
species ranging from yeast,
nematodes and fruitflies, to
rodents and possibly primates.
Given that IIS is involved in the
effects of nutrition on life history,
a plausible hypothesis is that IIS
modulates the effects of nutrition
on development, fertility and
longevity (Figure 2).
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Figure 2.
Insulin/IGF signalling may mediate life
history plasticity in response to varying
nutrition levels. This scheme presents
three scenarios: IIS may directly reduce
longevity assurance processes and
increase reproduction, or it may promote
resource reallocation from longevity
assurance processes to reproduction, or
it may promote other processes that
cause somatic damage.
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